With the worldwide development of nuclear power plant and requirement of saving energy and resource, high thermal efficiency and economical competitiveness are achieved by using supercritical CO 2 with special thermal properties and better flow and heat transfer characters. In this paper, heat transfer of supercritical CO 2 has been investigated in square and triangle array tube-bundle of cooled system in reactor using computational fluid dynamics (CFD) code FLUENT, and the basic knowledge of heat transfer of supercritical CO 2 and first experience of CFD simulation are obtained. The effect of mesh structures, turbulence models, as well as flow channel size is analyzed. The choice of turbulence model adopted in simulating supercritical CO 2 is recommended. Comparing the effect of heat transfer with supercritical CO 2 and supercritical water as cooled medium, the results show that the former was higher. The new idea is provided for choice of cooled medium and improving thermal efficiency this paper.
Introduction
Supercritical fluids are very popular in a number of industrial applications because of their special thermal properties, such as advanced water-cooled nuclear reactors, environmentally friendly air-conditioning and refrigeration systems and high pressure water oxidation plant for waste processing. Recently, carbon dioxide has been used frequently in experimental studies because of its lower critical pressure and temperature. A comprehensive understanding of the flow and heat transfer characteristic of supercritical fluid is essential for the purpose of performing accurate thermal-hydraulic predictions, which is important in supercritical light water reactor (SCLWR) design calculations. At the same time, heat transfer of supercritical fluids is studied by using computational fluid dynamics (CFD) codes for predicting the heat transfer coefficient and providing a better understanding of the heat transfer mechanism.
Kim et al. [1] researched the heat transfer of supercritical carbon dioxide flowing upward through tubes and a narrow annulus passage by experiments. S. M. Liao and T. S. Zhao [2] studied convective heat transfer to supercritical carbon dioxide in miniature tubes with diameters of 0.70, 1.40, and 2.16 mm. The results of experiments revealed that the buoyancy effects were significant for all the flow orientations, although Reynolds numbers were as high as 105. Chaobin Dang and Eiji Hihara [3] investigated experimentally heat transfer of supercritical carbon dioxide cooled in four horizontal cooling tubes with different inner diameters ranging from 1 to 6mm. M. Sharabi [4] et al. investigated the effect of different turbulent models on the simulation results of supercritical CO 2 in triangular and square channels.
The used turbulence models included RNG k-ε model and six kinds of low Reynolds number formulations. Pei-Xue Jiang et al. [5] investigated convection heat transfer of supercritical CO 2 in a 0.27 mm diameter vertical mini-tube experimentally and numerically. Lixin Cheng et al. [6] analyzed and compared many reports of heat transfer and pressure drop experimental data and correlations for supercritical CO 2 cooling in-macro-and micro-channels.
The large variation of the fluid physical properties of CO 2 at 8 MPa with temperature around the critical point influences heat transfer strongly as shown in Figure 1 .
The temperature at which the specific heat at constant pressure attains a maximum value is called the pseudo critical temperature, T PC . The important characteristics of fluids at supercritical pressure, which makes them very particular from the point of heat transfer, is that their specific heat vary rapidly with both pressure and temperature, as seen from Figure 2 .
Although a large number of numerical studies on heat transfer of supercritical fluids have been carried out by various authors, these works are mostly concentrated to simple geometries which are usually circle tubes. The objective of this study is to figureure out the distinctive characteristics of supercritical heat transfer in various flow channels such as triangular tube and sub channels of rod bundles using the CFD code FLUENT.
Turbulent Models and Method of Solution
Three kinds of low Reynolds number turbulent models are considered including YS model, LS model and AKN model provided by FLUENT code. The low-Reynolds number turbulent models respond strongly to the effects of buoyancy and acceleration resulting from the sharp decrease in density with the increase of temperature due to heating and the subsequent redistribution of velocity in the near wall region, and exhibit severe localized deterioration of heat transfer. The model equations are as following:
Continuity
where ρ, μ, λ and CP are density, dynamic viscosity, thermal conductivity and specific heat for fluid, respectively, V and g are the dimensional velocity vector and gravity vector, t is time, and T is temperature. Turbulent kinetic energy (k) [7] :
Dissipation rate (ε): 
The effect of gravity and buoyancy is considered. The QUICK scheme was used for approximating the convection terms in the momentum. Inlet is mass flow boundary condition, inlet fluid temperature and pressure are provided to define the inlet. Pressure outlet boundary condition is used for the outlet. SIMPLEC algorithm is adopted for pressure-velocity coupling, which is particularly recommended for the case of buoyant. The second order QUICK scheme is used for discretization of momentum, energy and turbulence equations. The carbon dioxide is pressurized to 8 MPa. Inlet fluid temperature is 288.15 K.
Triangular Channel
To gather first experience in the application of CFD codes to supercritical fluids, a vertically oriented triangular channel was selected which studied experimental by Jong Kyu Kim, et al. [8] . The structure size, boundary conditions (symm represents symmetrical condition) and grid adopted in the simulation of the model is illustrated as Figure 3 . Due to symmetry, only a half of the actual flow passage is modeled for the triangular channel. The hydraulic diameter is 9.8 mm and the heated length is 1.2 m. The sections before and after the heated section were 500 mm long (more than 40 d). Calculations with various size counts, which are 80 × (80 × 40), 100 × (100 × 50) and 120 × (120 × 60) in the axial directions and the OB side and OC side of the radial directions along the heated length, showed that the results were independent of the three kinds of size counts of grid. Therefore, the meshes with 100 size counts in the axial direction and (100 × 50) size counts in the radial direction were used. The convergence criteria required a decrease of at least six orders of magnitude for the residuals with no observable change in the surface temperatures for an additional 200 iterations. Figure 4 shows the triangular duct wall temperatures predicted by the three kinds of low Reynolds number turbulent models under heat flux of 50 kW/m 2 and mass flux of 419 kg/(m 2 s). In the study, computational simulations were compared with the selected experiments reported by Jong Kyu Kim et al. [8] . As can be seen, the simulations have the same trend with the experiment. The wall temperature appears a peak near Z/D h equal to 20. Thereafter, the wall temperature decreases slightly as Z/D h increases, as a result of the change in fluid transport properties. The results of different turbulent models are almost same. The AKN turbulence model over-predicts significantly turbulence reduction, and the result is same with S. He et al. [9] .
In the later simulation of this paper, modeling results will be reported using the AKN because the results independent on the grid numbers can easily obtained according AKN turbulence model. supercritical pressure. Other forced convection correlations for heating CO 2 in a vertical pipe have been proposed, but according to Jackson and Hall, Kransnoshchekov and Protopopov's correlation is the most accurate and is supported by the most experimental data [8] .
The effect of mesh structures and turbulence models was studied. Based on a comparison of the numerical results with experimental data, the accuracy and applicability of turbulence models were assessed. Figure 6 shows the wall temperature variations for the triangular channel in the axial direction at the different heat flux, with the mass flux is 314 kg/(m 2 s). There is a peak in the temperature distribution, it shows the heat transfer deterioration. The deterioration takes place earlier at about Z/D h equal to 10 under higher heat flux equal to 40 kW/m 2 . The heat transfer deterioration takes place stronger under higher heat flux.
The distributions of Nusselt number along heated section under different heat flux are as shown in Figure 7 . It is noted that the Nusselt number fluctuates to some extent. Nusselt number appears a peak under higher heat flux, and the heat transfer deterioration takes place earlier. Nusselt number appears two peaks under 20 kW/m 2 .
Sub-Channels
In this section, sub-channels of both triangular-array and square-array rod bundles are taken, the structure and grid as indicated in Figure 8 , and the simulated parameters are as Table 1 . Nusselt numbers for forced convection are calculated by using the Gnielinski correlation 2 respectively, and those of CO 2 are 300 kg/(m 2 s) and 100 kW/m 2 , respectively. The simulated data of supercritical water are cited from numerical analysis reported by X. Cheng et al. [11] . Supercritical CO 2 under far lower pressure, mass flux and heat flux, the Nusselt number is little lower than supercritical water. The effect of heat transfer with supercritical CO 2 is better than that of supercritical water. Figure 10 and Figure 11 show the effect of mass flux on Nusselt number as a function of fluid bulk temperature (T b ) of square and triangular array rod bundles, and Tin equals to 288.15 K, heat flux is 100 kW/m 2 . The mass flux effects Nusselt number significantly due to the increased Reynolds number. However, before the critical point, mass flux has less effect on heat transfer. The peak values increase with increasing mass flux. The peak of Nusselt number appears around the pseudocritical temperature. After the near-critical point region, the effect of mass flux on Nusselt number becomes more obvious. Figure 12 shows the effect of heat flux on the Nusselt number as a function of bulk temperature in the square array rod bundles. Before the pseudocritical temperature, the Nusselt number under different heat flux is nearly same. With the increasing bulk temperature, the variety becomes more obvious. Especially under lower heat flux, the Nusselt number decreases significantly. Figure 13 shows the comparison between the square lattice and triangular lattice of Nusselt number along bulk temperature with the heat flux 100 kW/m 2 . The heat transfer is enhanced in the triangular lattice at pseudocritical temperature and got cross that temperature, and the reason is that the degree of turbulence increases because of the change of structure of flow channels.
Conclusions
Heat transfer of supercritical CO 2 has been investigated in various flow channels. Three kinds of low Reynolds number turbulent models are adopted to analyze the effect on the wall temperature of the triangle channels, and the results show that difference under different turbulent models is rather small, and then AKN turbulent model are chosen.
In triangular channels, the wall temperature increases with increasing heat flux. The heat transfer deterioration takes place earlier with higher heat flux, whereas Nusselt number appeared two peaks under lower heat flux. The heat transfer effect of supercritical CO 2 is better than that of supercritical water. The effect of mass flux on Nusselt number is more obvious than heat flux. The Nusselt number is higher under larger mass flux, especially across the pseudocritical temperature. The heat transfer effect with triangular array rod bundles is better than that of square array rod bundles under the same heat flux and mass flux.
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